Mammalian mitochondrial transcription is executed by a single subunit mitochondrial RNA polymerase (Polrmt) and its two accessory factors, mitochondrial transcription factors A and B2 (Tfam and Tfb2m). Polrmt is structurally related to singlesubunit phage RNA polymerases, but it also contains a unique N-terminal extension (NTE) of unknown function. We here demonstrate that the NTE functions together with Tfam to ensure promoter-specific transcription. When the NTE is deleted, Polrmt can initiate transcription in the absence of Tfam, both from promoters and nonspecific DNA sequences. Additionally, when in presence of Tfam and a mitochondrial promoter, the NTE-deleted mutant has an even higher transcription activity than wild-type polymerase, indicating that the NTE functions as an inhibitory domain. Our studies lead to a model according to which Tfam specifically recruits wild-type Polrmt to promoter sequences, relieving the inhibitory effect of the NTE, as a first step in transcription initiation. In the second step, Tfb2m is recruited into the complex and transcription is initiated.
INTRODUCTION
The mitochondrial genome (mtDNA) encodes 22 tRNAs, 2 rRNAs and 13 proteins required for oxidative phosphorylation. Transcription of the double-stranded circular genome is initiated from two promoter regions, the heavy-and light-strand promoters (HSP1 and LSP), and generates polycistronic transcripts that become processed to produce individual RNA molecules (1) . A second site for transcription initiation (HSP2) is located about 100-bp downstream from HSP1, but the sequence requirements and the function of this site in vivo are still debated (2) (3) (4) (5) (6) .
The mitochondrial transcription machinery is simple. In yeast, the only two factors required are the mitochondrial RNA polymerase (Rpo41) and its accessory factor sc-mtTFB. Mammalian cells contain homologues to these factors, denoted as POLRMT and TFB2M using human nomenclature and Polrmt and Tfb2m for the mouse (1) . Mammalian transcription also involves a third factor, transcription factor A (human TFAM and mouse Tfam), which is a high-mobility group-box protein (7, 8) . TFAM binds sequence specifically to regions immediately upstream from mitochondrial transcription start sites (9, 10) . TFAM bound at this position introduces a sharp 180 bend in DNA, and this structural change may be an essential step in the transcription initiation process (11) (12) (13) . TFAM is also a DNA packaging factor that binds throughout the entire mtDNA molecule in a sequence-independent manner and wraps the genome into compact nucleoid structures (14) (15) (16) (17) .
POLRMT is structurally related to the single-subunit RNA polymerase encoded by bacteriophage T7 (T7 RNAP) (18, 19) . POLRMT contributes actively to promoter recognition (10) , but in contrast to the phage polymerase, it cannot initiate transcription on its own (2, 20) . TFB2M interacts with POLRMT and functions as a transient component of the catalytic site during transcription initiation (21) . The TFB2M protein interacts directly with the priming substrate but is probably lost from POLRMT when transcription enters the elongation phase (21, 22) . The X-ray structure of human POLRMT (19) revealed a T7-like catalytic domain in the C-terminus of the protein (amino acids 647-1230, Figure 1 ). In the preceding region, the N-terminal domain (NTD, amino acids 368-647, Figure 1 ), there is a region that resembles the AT-rich recognition loop of T7 RNAP, which in the phage polymerase is used for promoter binding. There is also a putative intercalating hairpin structure in the region, which, in T7 RNAP, helps to separate doublestranded DNA and to stabilize the single-stranded DNA for RNA synthesis.
POLRMT also contains an N-terminal extension (NTE, amino acids 42-368, Figure 1 ) not present in T7 RNAP. The NTE harbours a pentatricopeptide repeat (PPR) domain, which sequesters the AT-rich recognition loop (19) . There is also a large portion of the N-terminal region of the NTE for which there is no structural information available. The yeast homologue of POLRMT, Rpo41, also contains an NTE, but the sequence similarities to mammalian POLRMT are limited. A limited truncation of the NTE in yeast generates a functional polymerase with an increased full length to abortive transcription ratio, whereas a larger truncation generates a polymerase incapable of initiation of transcription from double-stranded DNA (dsDNA) (23) . TFAM helps to recruit the POLRMT/TFB2M complex to mitochondrial promoters, and mutations that impair sequence-specific binding of TFAM upstream of promoters also inactivate promoter activity (10, 24) . The C-terminal tail of TFAM is likely to make direct physical contact with the POLRMT/TFB2M heterodimer (25) . TFAM induces a sharp U-turn in promoter DNA, which places the C-terminal tail next to the transcription start site (11) (12) (13) . In addition, changes in the distance between the TFAM binding site and start site for transcription impair transcription initiation efficiency (24) . Therefore, the current model for transcription initiation in mitochondria states that TFAM interacts with a POLRMT/TFB2M heterodimer and recruits it as a complex to the promoter. The importance of TFAM for transcription initiation has been questioned based on the observation that only POLRMT and TFB2M were required to initiate promoter-specific transcription in vitro (26) . However, later studies demonstrated that TFAM-independent transcription was inefficient and only observed under conditions that allowed for promoter breathing (i.e. low salt concentrations) or when negatively supercoiled DNA templates were used (27) . Therefore, the situation is somewhat similar to nuclear transcription, where the free energy of supercoiling can circumvent the absolute requirement for some basal transcription factors (TFIIE, TFIIF and TFIIH) (28) .
In the current work, we address the role of the NTE in POLRMT function. We conclude that this domain represses transcription initiation, both at promoter elements and unspecific DNA sequences. An important function of TFAM is to overcome this repression specifically at mitochondrial promoters. Our findings also suggest a step-wise assembly of the transcription machinery, according to which TFAM first recruits POLRMT to specific promoters, relieves the inhibitory effect of the NTE and enables TFB2M entry and transcription initiation.
MATERIALS AND METHODS

Fo¨rster resonance energy transfer
Measurements were performed as previously described (27) . Oligos containing the Fo¨rster resonance energy transfer (FRET)-pair consisting of fluorescent cytosine analogue tC O (X) as a donor (D4) and non-emissive cytosine analogue tC nitro (Y) as an acceptor (A4). Oligonucleotide sequences are shown later in the text. D4 5 0 -d(AAA CTG TGG GGG GTG CXT TTG GGG TTT GGT TGG TTC GGG GTA TGG GGT TAG CAG CGG TGT GTG TGT GCT G)-3 0 and A4 3 0 -d(TTT GAC ACC CCC CAC GGA AAC CCY AAA CCA ACC AAG CCC CAT ACC CCA ATC GTC GCC ACA CAC ACA CGA C)-5 0 .
Protein expression and purification
Mouse and human proteins were cloned and individually expressed as described (10) . We constructed a recombinant baculovirus and expressed Á320-Polrmt in insect cells. The proteins were purified over HIS-Select Nickel Affinity Gel (Sigma-Aldrich) that was washed with 40 mM imidazole in buffer A [ inhibitors (29) ] followed by elution by 250 mM imidazole in buffer A. The proteins were purified over a 1 ml HiTrap Heparin column (GE-healthcare) and a 1 ml HiTrap SP column (GE-healthcare). The HiTrap columns were equilibrated in 0.2 M NaCl purification buffer (25 mM potassium phosphate pH 7.0, 10% glycerol, 0.5 mM EDTA, 1 mM DTT) and the proteins were eluted by a 15 ml gradient (0.2-1.2 M NaCl in purification buffer). The proteins were dialyzed against 0.2 M NaCl purification buffer.
DNase I footprinting assay
The footprinting template was produced by PCR using the primer pair 5 0 CAT GCT TGT TAG ACA TAA ATG C (forward) and 5 0 CAT GAT TTT GTA AAA TTT TTA CAA GTA C (reversed). The reversed primer was labeled with T4 polynucleotide kinase enzyme (New England Biolabs) and g-32 P ATP (3000 Ci/mmol). The labelled template was produced using a plasmid (pCR2.1-TOPO) containing the mouse mitochondrial promoter region (mtDNA positions 15942-341) as template. The footprint reaction was performed in 20 ml containing 25 mM Tris-HCl pH 8.0, 10 mM MgCl 2 , 1 mM ATP, 100 mg/ml BSA, 1 mM DTT, 40 mM NaCl, labelled template (22 500 counts per minute) and proteins as indicated (0.25 pmoles Tfam and 1 pmole Polrmt and Tfb2m). The mixture was incubated for 20 min at room temperature followed by addition of 2 ml of 30mU/ml DNase I diluted in 2.5Â DNase I buffer with MgCl 2 (Thermo Scientific). The DNase I reaction was stopped after 2 min by addition of 20 ml stop buffer [200 mM NaCl, 20 mM EDTA, 1% SDS and 100 mg/ml yeast tRNA (Ambion)] directly followed by incubation on ice. The DNA fragments were recovered with phenol extraction and ethanol precipitation and analysed on 8% denaturing polyacrylamide sequencing gels (1Â TBE and 7M urea).
Microscale thermophoresis
The interaction affinity between Tfb2m and Polrmt (wt and Á320) was studied using microscale thermophoresis (MST) as implemented in the Monolith NT.115 instrument (NanoTemper Technologies GmbH, Munich, Germany). We used hydrophilic capillaries with 80% light emitting diode power and 20% MST power for 40 s at 25 C. The Tfb2m was amine-labelled with 2-fold excess of NT-647 dye (Nanotemper) using the manufacturer's protocol. Unlabelled Polrmt (wt and Á320) was diluted in sixteen 2-fold dilution series starting from 1.50 mM and 1.07 mM for wt Polrmt and Á320-Polrmt, respectively. Either 25 nM or 40 nM of the labelled Tfb2m was titrated to each of the dilution of wt Polrmt and Á320-Polrmt, and the complex was incubated for 10 min at room temperature in the final buffer containing 20 mM HEPES, pH 7.5, 300 mM NaCl, 0.5 mM TCEP. GraphPad Prism Õ software was used for apparent K d calculations and curve fitting using the law of mass action as described in (30) . Each experiment was done in quadruplicate. Baseline-corrected, normalized and scaled fluorescence were plotted against the log of the range of Polrmt and Á320-Polrmt concentrations.
In vitro transcription
The mouse LSP template was produced as previously described where EcoRI restriction sites flank the mitochondrial DNA insert (10) . The non-promoter template was produced by digestion of the LSP template with EcoRI followed by gel purification (Quiagen) of the vector fragment. All transcription reaction volumes were 25 ml and contained 25 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 64 mM NaCl, 100 mg/ml BSA, 1 mM DTT, 400 mM ATP, 150 mM GTP, 150 mM CTP 10 mM UTP, 0,02 mM a-32 P UTP (3000 Ci/mmol), 4 U RNase inhibitor Murine (New England Biolabs), 90 fmole of indicated template and proteins at indicated concentrations. The reactions were stopped after 30 min at 32 C by the addition of stop buffer (10 mM Tris-HCl, pH 8.0, 0.2 M NaCl, 1 mM EDTA and 100 mg/ml proteinase K) followed by incubation at 42 C for 45 min. The transcripts were purified with ethanol precipitation and the pellets were dissolved in 20 ml gel loading buffer (98% formamide, 10 mM EDTA, 0.025% xylene cyanol and 0.025% bromophenol blue) and heated at 95 C for 5 min. The samples were analysed on 4% denaturing polyacrylamide gels (1Â TBE and 7 M urea) followed by exposure on photo film.
RESULTS
Production of a functional mouse Polrmt mutant lacking a major part of the NTE
As a part of our structure function analysis of POLRMT, we expressed a number of N-terminally truncated versions of the human and mouse polymerases as well as point mutations disrupting the interactions between the PPR domain and the core polymerase. In agreement with previous studies of human POLRMT (19) , both polymerases were sensitive to NTE truncations and mutations and most of our mutant versions could not be expressed as soluble proteins (data not shown). We were, however, able to identify one mutant version of mouse Polrmt, lacking the amino-terminal 320 amino acids, that we could readily express and purify. The Á320 truncation was interesting, as it removed almost the entire NTE, but still retained all parts responsible for promoter recognition and catalysis of transcription found in the T7 RNA polymerase (Figure 1 ). Deletion of the NTE in yeast lowers the affinity between Rpo41 and sc-mtTFB (23) .
To investigate how the NTE truncation of Polrmt affected the Tfb2m interaction, we performed MST. In contrast to the yeast system, our results reveal that the K d for Tfb2m interactions with Á320-Polrmt was lower than that with wt Polrmt (Figure 2A ). Removal of the NTE of Polrmt thus stabilized interactions with Tfb2m.
The NTE together with Tfam ensures promoter-specific transcription
To address the role of NTE in transcription initiation, we compared Á320-Polrmt with wt Polrmt in our reconstituted in vitro transcription system ( Figure 2B ) (10, 20) . We found that Á320-Polrmt could initiate transcription from LSP and that the truncated polymerase was even more active than wild-type Polrmt ( Figure 2C ). We could thus conclude that the NTE in mouse Polrmt is dispensable for promoter recognition, promoter melting and transcription initiation. We next analysed the transcription factor dependency of Á320-Polrmt. As expected, both wt Polrmt and Á320-Polrmt were strictly dependent on Tfb2m for transcription initiation ( Figure 2D , lanes 1-2 and 5-6, respectively). Interestingly, loss of the NTE affected the strict requirement of TFAM for transcription of initiation. With the Á320-Polrmt, we observed low levels of transcription initiation in the absence of Tfam ( Figure 2D, lane 7) . Transcription was initiated from the LSP promoter, but we also observed other unspecific transcription products in the absence of Tfam. We assumed that these products were formed by transcription initiation from nonpromoter sequences in the linearized plasmid template. To investigate this possibility, we repeated the experiment using a linearized template without mitochondrial promoter sequences. In contrast to wt Polrmt ( Figure 3A , lanes 1 and 2), Á320-Polrmt was able to initiate transcription of promoter-independent transcription products on this dsDNA template. The activity was further stimulated in the presence of Tfam ( Figure 3A , lanes 3 and 4, respectively). Based on our observation, we can thus conclude that the presence of the NTE has three distinct effects on Polrmt activity. First, it renders
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Polrmt Δ320-Polrmt Polrmt strictly dependent on Tfam for transcription initiation. Second, the NTE decreases Polrmt activity in promoter-specific transcription initiation. And finally, the NTE inhibits transcription initiation at random non-promoter sequences.
Our results show that Tfam in the presence of a mitochondrial promoter region can reduce non-specific transcription and at the same time stimulate promoterspecific transcription ( Figure 3A, compare lanes 7 and  8) . To further investigate this effect, we examined how changes in Tfam concentrations could influence Á320-Polrmt activity. When we analysed Á320-Polrmt activity using a promoter-containing plasmid, we observed both promoter-specific and -unspecific transcription in the absence of Tfam ( Figure 3B , lane 5). Already at low concentrations (1 Tfam/1600 bp of template), Tfam almost completely abolished non-specific transcription products and strongly stimulated promoter-specific transcription ( Figure 3B , lane 6). When we analysed transcription from a template lacking promoter sequences, it was clear that wt Polrmt was inactive in all Tfam concentrations analysed ( Figure 3C, lanes 1-4) . Interestingly, Tfam did not inhibit the transcription of Á320-Polrmt from this template; instead, the non-promoter DNA initiations seemed to be increased by addition of Tfam in the absence of a mitochondrial promoter ( Figure 3C , lanes 5-8). From the results of promoter and non-promoter templates combined, we conclude that the inhibition of transcription initiation from non-promoter DNA by Tfam is not due to protection of the DNA, and that it needs the presence of a mitochondrial promoter region. Our findings instead support a model in which Tfam recruits Á320-Polrmt to specific promoter sequences and thereby prevents transcription initiation at non-promoter sites. In the absence of a specific promoter sequence, the ability of Tfam to stimulate transcription initiation can also be observed at other DNA sequences, probably as an effect of Tfam increasing DNA flexibility and stimulating DNA breathing (31).
The mitochondrial transcription machinery can be recruited in discrete steps
To further address the mechanism by which Tfam recruits other members of the transcription complex and the role of the NTE in this process, we performed DNase I footpriting. In previous experiment, we have showed that human TFAM protects a region upstream from the LSP transcription start site at position À15 to À38. In contrast, POLRMT and TFB2M cannot interact with the promoter when they are added by themselves or, together (10) . We found that mouse Tfam leaves a footprint starting at position À11 of mouse LSP ( Figure 4A transcription machinery (10) . We also noted a weaker footprint extending from +10 to +20, which had not been observed with the human transcription machinery, which could indicate that the Polrmt/Tfb2m complex has a larger contact surface with DNA than previously suggested (10) . In addition, there were also two distinct, not previously reported, footprints upstream from the Tfam binding site, one around position À50 and the other around position À60. Interesting, POLRMT can be cross-linked to the À50 to À60 region, suggesting that Polrmt interactions with this region may be important during assembly of the mitochondrial transcription machinery (Morozov et al., submitted to NAR). Because Tfam bends the promoter 180 , the Polrmt could interact with this region and still be in close contact with the transcription start site ( Figure 4C ). We next addressed if Tfam could recruit Polrmt in the absence of Tfb2m. When Tfam was added together with Polrmt, but in the absence of Tfb2m, we observed protection not only over the Tfam binding site but also in the À50 region and the À60 region ( Figure 4A, lane 4) . The observed upstream pattern was similar to that observed with the complete transcription machinery, demonstrating that Tfam can recruit Polrmt to the promoter even in the absence of Tfb2m. In the absence of Tfb2m, no clear footprint was observed over the transcription start site (Figure 4A, compare lanes 3 and 4) , demonstrating that interactions with DNA sequences surrounding the transcription start site require Tfb2m. This finding is in agreement with previous studies, which have identified Tfb2m as a transient component of the catalytic site, located near the transcription start site (21) . In contrast to Polrmt, Tfb2m could not create an additional footprint in presence of Tfam (Supplementary Figure S1) .
Human TFAM interacts with POLRMT, and the interaction surfaces have been mapped to the NTE and other regions of the POLRMT (Morozov et al., 2013, submitted to NAR). We wondered if Tfam could recruit Á320-Polrmt to specific promoter elements or if interactions with NTE were required for this function. Addition of Á320-Polrmt together with Tfam did create a footprint in the À50 and À60 regions, albeit weaker than that observed with wt Polrmt ( Figure 4B, lane 4) . When Tfb2m was added, Tfam together with Á320-Polrmt produced a footprint over the promoter region that was nearly identical to that observed with wt Polrmt ( Figure 4B, lane 3) . Therefore, our data demonstrated that NTE is not required for promoter recruitment of the mitochondrial transcription machinery.
Tfb2m is required for promoter melting
Our DNase I footprinting analysis suggested that Tfam could specifically recruit Polrmt to promoter elements, but that Tfb2m was required for tight interactions with the transcription initiation site. To substantiate this idea further and to demonstrate its validity at other mitochondrial promoters, we turned to our human in vitro transcription system. We had previously used FRET to monitor how the mitochondrial transcription machinery influences the DNA structure at the human HSP1 transcription start site. We incorporated the fluorescent cytosine analogue tC O (donor) and the non-emissive cytosine analogue tC nitro (acceptor) close to the human HSP1 transcription initiation site and monitored changes in energy transfer efficiency on addition of TFAM (27) . We now used this experimental system but with addition of POLRMT and TFB2M to the reactions ( Table 1) .
Addition of TFAM to this template introduces structural changes in the DNA (Table 1) . We have previously demonstrated that the effect of TFAM is not restricted to promoter-containing templates, but due to the protein's ability to bend and wrap any piece of DNA (27) . We now monitored if addition of POLRMT and TFB2M could affect TFAM-dependent changes in energy transfer at the HSP1 transcription start site (Table 1) . Interestingly, addition of TFAM together with POLRMT yielded a much smaller change in FRET efficiency compared with TFAM alone, suggesting that the presence of POLRMT could repress structural alterations near the transcription start site ( Table 1 ). The addition of TFB2M reversed this inhibitory effect of POLRMT, and we again observed structural changes near the transcription start site (Table 1) . Therefore, the FRET findings further support a model, in which TFAM recruits POLRMT to the promoter in the absence of TFB2M, where the polymerase physically blocks non-specific interactions between TFAM and the transcription start site. TFB2M is required for melting the transcription start site and initiation of transcription, which explains why the energy transfer efficiency increased when TFB2M is added together with POLRMT and TFAM.
DISCUSSION
We here analyse the function of the NTE of Polrmt in mitochondrial transcription and find that this domain is 
Tfam-binding site
FRET efficiency on addition of the corresponding volumes of the buffers in which all three proteins are dissolved is also shown (E FRET , buffer ) and the difference in FRET efficiency between addition of buffer only or corresponding protein (ÁE FRET ). Error intervals show the standard deviation. D4-A4 duplex is displayed below the table. DNA sequences containing the FRET-pair consisting of fluorescent cytosine analogue tC O (X) as a donor (D) and non-emissive cytosine analogue tC nitro (Y) as an acceptor (A). The high-affinity TFAM binding site is underlined and the transcription start site is highlighted in grey. dispensable for transcription initiation in vitro. The Á320-Polrmt protein displays higher sequence-specific and nonsequence-specific transcription activities, and this truncated polymerase can initiate transcription even in the absence of Tfam. In combination with DNase I footprinting, FRET analyses and in the light of an accompanying report demonstrating cross-linking between TFAM and POLRMT (Morozov et al., 2013, submitted to NAR), our findings allow us to formulate a model for how mitochondrial transcription is initiated in mammalian cells ( Figure 5A and B) .
According to our footprinting findings, the transcription initiation process begins with the binding of Tfam to a high-affinity binding site starting 10-15-bp upstream from the transcription start site. In the next step, Tfam recruits Polrmt to the promoter. Polrmt recruitment depends on direct interactions with Tfam (Morozov et al., 2013, submitted to NAR), but also involves structural changes in the promoter region, which facilitates Polrmt-DNA interactions. In agreement with this notion, conditions that induce promoter breathing can circumvent the strict Tfam requirement for transcription initiation (27) . In the absence of Tfb2m, Polrmt-promoter interactions are mainly restricted to sequences around position À50 to À60. This interaction receives support from cross-linking experiments that demonstrated direct contacts between POLRMT and the promoter upstream region (Morozov et al., 2013, submitted to NAR). The contacts formed are explained from structural data demonstrating that Tfam induces a sharp bend in the promoter DNA, which help to juxtapose POLRMT and the À50 to À60 region (11) (12) (13) . In the next step, Tfb2m enters the transcription complex and the fully assembled initiation complex that encircles the promoter and creates a clear footprint over the transcription start site. This observation is in agreement with our FRET analysis, which demonstrated that Tfb2m is required for structural changes around the transcription start site.
The strict requirement of Tfam for transcription initiation is lost when the NTE is deleted ( Figure 5C ). The molecular explanation for this effect is still obscure, but an important role of Tfam may be to regulate Polrmt's ability to interact with promoter sequences, perhaps affecting the NTE structure and relieving its negative effect on transcription. In support of this notion, crosslinking experiments have demonstrated that TFAM interacts directly with regions within the NTE (Morozov et al., 2013, submitted to NAR). Because the Polrmt structure allows only specific deletions without affecting protein stability, we have not been able to study alternative deletions in the NTE. The exact structural motif in the NTE that is responsible for its inhibitory function has therefore not been identified. Rearrangements in the NTE structure triggered by Tfam and/or DNA interactions may also result in a more open Polrmt structure enabling Tfb2m binding.
The NTE of Polrmt helps to prevent initiation of transcription at other sites than the promoters. The observation that Tfam only activates wt Polrmt at specific promoter sites may be explained by previous structural work and single molecule analysis. Structural characterization of human TFAM bound to a mitochondrial promoter fragment (LSP) revealed that TFAM induces a sharp U-turn in the DNA (11) (12) (13) . The conformation of TFAM bound at its specific binding site together with the stable U-turn may create a structural context that allows TFAM to interact with POLRMT and relieve the inhibitory function of the NTE. In contrast, single-molecule characterization of TFAM interactions with non-specific DNA demonstrated that the protein freely diffuse on DNA and that TFAM can soften the DNA structure, by partially unwinding the double-helix, leading to a compaction of the mtDNA genome (31). These observations suggest that there may be a structural difference between TFAM bound at sequence-specific and non-sequencespecific sequences. This difference can perhaps help to explain why TFAM only activates transcription at specific promoter sites. A stable U-turn at promoter sequences could function as a signal to the transcription machinery and specifically recruit POLRMT and TFB2M for transcription initiation. To clarify the situation, it would be valuable to obtain high-resolution structural data for TFAM bound to non-sequence-specific DNA fragments and compare the results with those already obtained with a LSP promoter fragment.
